The Sn-Bi base lead-free solders are proposed as one of the most popular alloys due to the low melting temperature (eutectic point: 139 ∘ C) and low cost. However, they are not widely used because of the lower wettability, fatigue resistance, and elongation compared to traditional Sn-Pb solders. So the alloying is considered as an effective way to improve the properties of Sn-Bi solders with the addition of elements (Al, Cu, Zn, Ga, Ag, In, Sb, and rare earth) and nanoparticles. In this paper, the development of Sn-Bi leadfree solders bearing elements and nanoparticles was reviewed. The variation of wettability, melting characteristic, electromigration, mechanical properties, microstructures, intermetallic compounds reaction, and creep behaviors was analyzed systematically, which can provide a reference for investigation of Sn-Bi base solders.
Introduction
As is known to all, Sn-Pb solders which are thought of as traditional solders have been widely applied in the field of electronic packaging for many decades. Concerning the toxicity of Pb to human health and environment [1] [2] [3] , many countries have limited or banned the production and application of Sn-Pb solders in many fields by means of legislations. For example, WEEE and RoHS were conducted in Europe [4, 5] . Thus the substantial attention of both scientists and engineers who wish to find a type of unique solder which could replace Sn-Pb solders has been attracted to the lead-free solders.
In recent twenty years, lead-free solders have made great development and several main kinds of Sn-based lead-free solders such as Sn-Ag [6, 7] , Sn-Zn [8, 9] , Sn-Bi [10, 11] , SnCu [12, 13] , and Sn-Ag-Cu [14, 15] have been fiercely studied by researchers. Among these most promising lead-free solder alloys, however, the Sn-Bi solder alloys have better properties such as lower melting temperature, good tensile strength, good reliability, and well creep resistance [16] [17] [18] . The eutectic Sn-58Bi solder has a low melting point of 139
∘ C [19, 20] and it is lower than 183 ∘ C of the eutectic Sn-Pb solder which consists of 63 wt.% Sn and 37 wt.% Pb [21, 22] . At the same time, the cost of Sn-Bi solder is lower than others [23] . However, two main problems limiting the application of the Sn-Bi base solders in the electronic packaging are the frangibility and poor ductility [24] .
In this paper, the effects of adding alloy elements including Al, Cu, Zn, Ga, Ag, In, Ni, Sb, nanoparticles, and rare earth to the Sn-Bi solders on the properties and microstructures of Sn-Bi solders were systematically discussed and some suggestions were put forward to handle these problems in improving the properties of the Sn-Bi solders.
Wettability
Wettability is one of the extremely critical characteristics playing a key role in evaluating the soldering technology of lead-free solders [25] . It is defined as an ability which is the spreading property of molten solder spreading over on the substrate during the reflow process [26] . At the same time, wettability also is considered the capacity of molten solder to react with a substrate to form a IMC layer which is the bonding between the solder and the substrate [27] . The wettability of Sn-58Bi solder performs worse than that of the Sn-Pb solder which includes Pb element [28] , whereas adding alloy elements to the Sn-Bi solders is an effective means of improving the wettability. Generally, there are two frequently used methods including the wetting balance method and spreading method which are used for evaluating the wettability.
Li et al. [29] have done research on the effect of a small amount of Al addition on the wettability of the Sn-58Bi solder. Due to Al being too active or the flux being not matched to this solder, it was found that the wettability of the Sn-58Bi solder became poorer after adding 2 wt.% Al to the eutectic Sn-58Bi solder. Miao et al. [30] indicated that the addition of 1.0 wt.% Cu did not influence critically the wettability of the Sn-58Bi solder. Compared with the of the Sn-58Bi solder, the contact angle of the Sn-Bi-1Cu solder alloy on various metal foils and metallized substrates changed slightly. Zang et al. [31] carried out wetting test for Sn-30Bi-0.5Cu solder at different temperatures. At 220 ∘ C, the contact angles which were used to determine the extent of wetting changed critically from 150 ∘ to 30 ∘ , but the wettability of Sn30Bi-0.5Cu changed slightly at 275 ∘ C and 350 ∘ C, especially at 350 ∘ C. At 275 ∘ C and 350 ∘ C, the contact angles maintained about 28
∘ and 20 ∘ , respectively. The spreading ratio (S R ) was calculated as follows [32] :
where stands for the height of solders after spreading and stands for the diameter of solder balls. Zhang et al. [32] using resin flux and organic flux in the spreading test found that with the Sb content changing the spreading ratio changed along two irregular curves at 190 ∘ C and all reached the summit when Sb content was at 2.0 wt.%. The highest spreading ratio was 78.2% and it was higher than that of Sn58Bi solder. Chen et al. [33] studied the wettability of SnBi-3Zn ( = 37, 38, 39, 41, 42, 43) and Sn-38Bi-Zn ( = 0, 23, 4) at 170 ∘ C and 190 ∘ C. At 170 ∘ C, the spreading ratio was increased from 68% to 72% with the Bi element increased; but the spreading ratio was decreased from 75.8% to 66% and then increased to 72.7% with the Zn element increased. At 190 ∘ C, the spreading ratio of the Sn-Bi-3Zn alloys was decreased from 73.2% to 72% and then increased to 73.3% and it was higher than that at 170 ∘ C. However, the spreading ratio of the Sn-38Bi-Zn alloys changed slightly remaining 72% at 190 ∘ C. The wettability of the Sn-58Bi, Sn-35Bi-0.5Ag, and Sn-35Bi-1.0Ag was investigated by Zhang et al. [34] . The above three solders with different fluxes showed different wettability with air and N 2 atmosphere. The Sn-35Bi-1.0Ag solder showed the best wettability because its wetting angle was the smallest with air and N 2 atmosphere.
By adding nanosized Y 2 O 3 to the Sn-58Bi solder, it could be found that the spread area of the composite solder alloy was increased by 20% from 30 mm 2 to 36 mm 2 and then declined to 32 mm 2 with the addition of Y 2 O 3 nanoparticles added from 0 to 3.0 wt.% [35] . The wettability of the Sn-58Bi solder with 1.0 wt.% Y 2 O 3 nanoparticles was best. Liu et al. [36] reported that the wettability of the Sn-58Bi composite solder with the addition of Cu 6 Sn 5 particles (0.5 wt.% and 1 wt.%) was worse than that of the Sn-58Bi solder. Liu also made a conclusion that the spread area of the Sn-58Bi with 1 wt.% Cu 6 Sn 5 particles was reduced by 10% compared to that of Sn-58Bi solders after reflowing for 30 min. Similarly, as can be seen from Figure 1 [37] , the wettability of the composite solders was weakened with the increasing addition of nanosized graphite. The spreading coefficient was decreased from 84% to 81%. Dong et al. [25] proposed the effect of the addition of Ag and RE (primarily Ce and La) on the wettability of the Sn-58Bi solder. It could be seen that adding 0.5 wt.% Ag or 0.1 wt.% RE improved the wettability of the Sn-58Bi solder, but the effect of adding a little amount of RE elements is superior. The spreading area of Sn-58Bi0.1RE was increased by 15% from 66 mm 2 to 76 mm 2 and it was more 3 mm than the spreading area of Sn-58Bi0.5Ag. When Dong et al. added simultaneously 0.5 wt.% Ag and 0.1 wt.% RE to the Sn-58Bi solder, compared to the spreading area of the Sn-58Bi-0.5Ag solder, the spreading area of the Sn-58Bi0.5Ag0.1RE composite solder increased about by 14% from 73 mm 2 to 83 mm 2 .
Melting Characteristic
In the microelectronic package, the solder joint is a critical part. Similarly, the melting temperature is a critical characteristic for low-temperature solders [24] . In recent years, low melting point alloys which are suitable for applications in soldering with lead-free materials have attracted an increasing technological interest [38] . To use a low melting point solder is an important approach to strengthening solder joint reliability [39] , because low melting temperature soldering is potential that electrical devices to be soldered are prone to thermal damage [40] . For example, flexible board, LED, LCD, and air conditioning safety protector need lower soldering whose temperature is lower than 183 ∘ C of the eutectic temperature of Sn-Pb solder. The melting point of the eutectic Sn-58Bi solder alloy is 139 ∘ C [41] . To develop the lead-free solder database, the thermodynamic data is very significant [42] .
Compared with the prominent endothermic peak for the pure Sn-58Bi solder, the prominent endothermic peak for the Sn-58Bi solder with addition of 3 wt.% Al was increased up to 142 ∘ C [43] . Shen et al. [44] adding 0.1 wt.% Cu and 2 wt.% Zn to the Sn-Bi solder found that the melting temperature of the Sn-40Bi-0.1Cu composite solder was 132.2 ∘ C. It was lower than the melting temperature of the Sn-58Bi solder, but the melting point of the Sn-40Bi-2Zn-0.1Cu solder was increased slightly up to 136.3 ∘ C. Addition of Cu could reduce the melting temperature, but Zn addition has the opposite effect. Ma and Wu [45] also found that the solidus and liquidus temperatures of the Sn-58Bi solder with the addition of 0.7 wt.% Zn elements was decreased compared that of the Sn-58Bi solder and the melting point of the Sn-58Bi-0.7Zn solder was 136.3 ∘ C. At the same time, Chen et al. [33] considered that the melting temperature of the Sn-Bi-2Zn ( = 38, 40, and 44) alloys was 136.7 ∘ C, 136.5 ∘ C, and 137.3 ∘ C, respectively, and it was lower than that of the Sn-58Bi solder. When the content of Zn element occupied 3 wt.%, the melting temperature of the Sn-Bi-3Zn ( = 39, 41 and 43) alloys was 138.0 ∘ C, 137.0 ∘ C, and 136.8 ∘ C, respectively. It also has been reported that adding 3 wt.% Zn could decrease the melting point of the Sn-Bi solder because the melting temperature of the Sn-32at.% Bi-3at.% Zn solder was 130.8 ∘ C [46] . The melting temperature of the Sn-Bi solder with 0.04 wt.% Cu addition was changed slightly because the melting point of the Sn-58Bi-0.04Cu solder was 138.65 ∘ C. Lin et al. [47] offered a concrete analysis of the effect of adding the Ga element (from 0.25 wt.% to 3.0 wt.%) to the Sn-58Bi solder on liquid point of the Sn-58Bi solder. The results indicated that the addition of Ga element changed slightly the liquid points which was around 150 ∘ C. Adding 0.5 wt.% Ag and 0.1 wt.% RE also had little effect on melting temperature of the Sn58Bi solder as shown in Table 1 [25] . It could be seen that the solidus temperature and the liquidus temperature of the Sn-58Bi-0.5Ag were lowest compared to that of other solders. So it implied that the addition of Ag element could reduce the melting temperature of the Sn-58Bi solder, but the RE operated an opposite behavior.
Shalaby [48] found that the addition of In elements had critical effect on the onset point of the Sn-58Bi solder which meant that adding 2 wt.% In could decrease the onset point of the solder from 139.06 ∘ C to 129.68 ∘ C. But the onset point of the Sn-58Bi solder with addition of 2 wt.% Ag elements did not change remaining at 139.06 ∘ C. So it was considered that the 2 wt.% Ag addition had little effect on the onset point of the Sn-58Bi solder. At the same time, adding 2 wt.% In and 2 wt.% Ag to the Sn-58Bi solder reduced the melting temperature of the composite solder from 143.75 ∘ C to 133.59 ∘ C. Zhang et al. [34] pointed out that the effects of the 0.3 wt.% and 1.0 wt.% Ag addition on the solid phase line temperature of the Sn35Bi solder were slight because the solid phase line temperatures of the Sn35Bi, Sn35Bi0.3Ag, and Sn35Bi1.0Ag composite solders were 138.5 ∘ C, 138.8 ∘ C, and 138.9 ∘ C, respectively. But the liquidus temperature of the above solders was 150.3 ∘ C, 183.6 ∘ C, and 184 ∘ C; it could be seen that the effects of the 0.3 wt.% and 1.0 wt.% Ag addition on the liquidus temperature were obvious. Chen et al. [24] studied the effects of In addition on the melting temperature of Sn-Bi solder. Figure 2 showed that adding 1 wt.% In caused about 5 ∘ C decline of the onset point and 1 ∘ C decrease of the offset point. When the content of In addition was 5 wt.%, the onset point was decreased about 20 ∘ C. With increasing In content, the peak temperature of the composite solder was reduced by 10 ∘ C. Zhang et al. [32] added Sb element to Sn-48Bi solder and found that all the main peaks appear around 147 ∘ C. The discovery also revealed that the melting range and liquidus temperature reached the maximum when the addition of Sb was at 1.8 wt.% and then began to drop with the Sb content increased. In addition, when the addition of Sb element did not change which is at 1.8 wt.%, the melting range and melting temperature increased with Bi content decreased.
Huang and Chen [49] indicated that the addition of the 0.05 wt.% and 0.5 wt.% Co elements showed slight effects on the onset point and peak point of the Sn-57Bi solder because the onset points and peak points of the three types of solders were 140. to the Sn-58Bi solder, respectively. In the meantime, adding SiC nanoparticles which were 45-55 nm also did not influence the melting temperature of the Sn-58Bi solder largely [50] . Peng and Deng [51] also found that the melting point of the Sn-Bi with reduced grapheme oxide nanosheets (RGOS) was 139 ∘ C. By DSC analysis, it was evidenced that the addition of 0.5 wt.% La element could reduce the melting temperature of the Sn-58Bi solder because the Sn-58Bi and Sn-58Bi-0.5La solders had eutectic points of 138.60 ∘ C and 137.84 ∘ C, respectively [52] . Wu et al. [53] revealed that adding RE (primarily Ce and La) ranging from 0.25 wt.% to 1.0 wt.% to Sn-57Bi-1Ag solder did not critically change the solidus and liquidus temperatures which were still about 136 ∘ C and 139 ∘ C, respectively, but the mushy temperature zone was increased slightly from 2.7 ∘ C to 3.9 ∘ C.
Electromigration
Electromigration is defined as atomic diffusion driven by high electric current flow [54] . In electronic industry, high current density which may cause some failures in solder joints was demanded [55, 56] . In addition, electromigration affects the phase formation at the joint interface, the phase coarsening, and mass accumulation of Bi in the solder. So electromigration (EM) which has been widely regarded as the most critical reliability problem causing hillock formation has become an issue which was discussed aggressively in electronic packaging [57] . He also revealed that Bi layers were formed at the anode interface indicating that Bi was the main diffusing species migrating from the cathode to the anode. When Sn-Bi base solder joint is under current stressing, Bi atoms migrate along the direction of electron flow and accumulate at the anode side [58] . However, it has been found that the diffusion processes of the Bi atoms may be changed by adding alloying elements which could cause less Bi segregation [59] . L.-T. Chen and C.-M. Chen [60] investigated that microstructure evolution and interfacial reaction in the eutectic SnBi solder joint on the Ni/Au metallization with and without the current stressing of 6.5 × 10 3 A/cm 2 at 70 ∘ C for 5 to 15 days. Without the current stressing, only a thin Ni 3 Sn 4 phase was found at the joint interface. When the solder joint was added current stressing, a thick Au-Ni-BiSn phase was formed after 10 days. However, the new phase disappeared at the anode-side joint interface after 15 days of current stressing. Chen and Huang [61] did research on the effect of the addition of 0.5 wt.% Ag on the electromigration of the Sn-58Bi solder and found that the formation of Ag 3 Sn could intercept the Bi migration from the cathode side to the anode side. Doping the reactive nanoparticles into the plain Sn-58Bi solder is a good choice to improve the mechanical performances of the Sn-58Bi solder ball [62] . Xu et al. also investigated the effect of addition of microsized Ni particles on the electromigration of the Sn-58Bi solder. It was revealed that the Ni particles functioned as barriers to stall the Bi atoms which were considered as the dominant diffusion entities leading to a decline of the mean velocity of Bi atoms during the current stressing.
Mechanical Properties
As we all know, Sn-Bi base solders show brittle behavior which may be fatal to electronic products. But the tensile and shear strength of Sn-Bi base solders are superior to those of the Sn-Pb solders and Sn-Bi base solder joints show better reliability [63] . Compared with the mechanical properties of lead-free solder joints, the Sn-Bi base solders are not best. Now, to improve mechanical properties of Sn-Bi base solders we can add impurity elements to the solders by refining solders' microstructure [64] .
Tensile Property.
Shen et al. [44] reported that the mean tensile strength of the Sn-58Bi solder was 73.24 Mpa. But after adding 0.1 wt.% Cu to the Sn-40Bi solder the mean tensile strength was increased by 12.6% up to 82.45 MPa. The mean tensile strength of the Sn-40Bi solder with 2 wt.% Zn and 0.1 wt.% Cu was increased by 21.9% up to 89.31 MPa. At the same time, compared with the Sn-58Bi solder, the Vickers hardness of the Sn-40Bi-0.1Cu and Sn-40Bi-2Zn-0.1Cu solders was increased by 15.0% and 19.9%, respectively, which could be said that adding Cu and Zn elements strengthened the Vickers hardness of the Sn-Bi solder. Ma and Wu [45] added Zn element to the Sn-58Bi solder. The ultimate tensile strength of the Sn-58Bi solder with Zn elements addition ranging from 0 to 2.0 wt.% was increased from 59 MPa to 63 MPa and then decreased to 52 MPa during reflow soldering. Similarly, during liquid-state aging, the UTS of Sn-58Bi-Zn solder slabs was increased from 62.6 MPa to 66 MPa and then decreased to 55.7 MPa. It was seen that the UTS was highest when the Zn content was at 0.7 wt.% during reflow soldering and liquid-state aging. Sakuyama et al. [65] studied the effect of adding a third element including Ag, Cu, Zn, and Sb on tensile strength of the Sn-Bi solder. At high strain rate (3 mm/min), adding 0.5 wt.% Ag element to the Sn-58Bi solder increased the tensile strength by 13.2% up to 86 MPa and the elongation was improved by 80%. The additions of 0.5 wt.% Cu and Sb elements changed the tensile strength slightly. However, the effect of Cu and Sb addition on elongation was pronounced. The elongation was enhanced by 140% and 320%, respectively. The addition of 0.5 wt.% Zn weakened the tensile strength of the Sn-58Bi solder decreased to 68 MPa and changed the elongation slightly.
Kubota et al. [66] also added 0.5 wt.% Sb element to the Sn-58Bi solder. The effect of the 0.5 wt.% Sb addition on the tensile strength of the Sn-58Bi solder was different at various temperature. At 25 ∘ C, the tensile strength of the Sn-57.5Bi-0.5Sb solder was increased from 67 MPa to 90 MPa, but that of the Sn-58Bi solder ranged from 72 MPa to 100 MPa as the time increased; At 80 ∘ C, the tensile strength of the Sn-57.5Bi-0.5Sb solder was increased all time up to the highest 50 MPa while the tensile strength of the Sn-58Bi solder was decreased to 38 MPa and then increased to 70 MPa higher than that of the Sn-57.5Bi-0.5Sb all time; At 120 ∘ C, the tensile strength of the Sn-58Bi and Sn-57.5Bi-0.5Sb solder was decreased compared with that at 25 ∘ C and 80 ∘ C. It indicated that the effect of 0.5Sb addition on the tensile strength of the Sn-58Bi solder was larger at higher temperature than that at lower temperature. Ma and Wu [67] added grapheme nanosheets Advances in Materials Science and Engineering 5 (GNSs) to Sn58Bi0.7Zn solder and found that the UTS of the Sn58Bi0.7Zn-GNS ( = 0, 0.038, 0.076 and 0.114 wt.%) solder joints was decreased after aging at 150 ∘ C for various times (20, 40, 60, 80 , 100, and 120 min). But it could be found that the UTS of Sn58Bi0.7Zn with 0.076 wt.% GNSs addition was almost the highest at the same aging time and it was decreased from 62.7 MPa to 51.7 MPa. However, the UTS of Sn-58Bi was the lowest all the time and it was decreased from 58.9 MPa to 50.6 MPa.
Similarly, Chen et al. [24] studied the effect of In addition on tensile properties of Sn-Bi-In solder alloys. The results implied that the tensile properties of the Sn-Bi solder with addition of In element were poor decreasing from 71.8 MPa to 68.3 MPa when the content of the In addition was at 3 wt.%. Then the tensile strength of the Sn-Bi-3In solder was increased to 69.2 MPa. In contrast, however, the effect of In addition on the elongation firstly was positive than worse. When the content of In addition was at 2.5 wt.%, the elongation was highest increased by 104.5%. Shalaby [48] not only added In element to the Sn-58Bi solder, but also added Ag element to the Sn-58Bi solder. Compared with the Sn58Bi solder, the tensile and shear strength of Sn-58Bi-2In, Sn-58Bi-2Ag and Sn-58Bi-2In-2Ag were increased by 6.5%, 8.0%, 12.1% and 6.7%, 8.1%, 12.9%, respectively. When Sb element was added to the Sn-Bi solder, the shear strength of the composite solder was first decreased and then increased with the Sb addition increased as shown in Table 2 [32] . It was revealed that the shear strength of the Sn-48Bi-1.4Sb was lowest. When the content of Sb addition was at 2.4 wt.%, the shear strength was increased by 20.2% compared with that of the Sn-58Bi solder.
Shear
Property. Dong et al. [25] studied not only the effect of Ag element, but also effect of RE (primarily Ce and La) element on the shear strength of the Sn-58Bi solder. It was obviously shown that adding a small quantity of Ag and RE elements could increase the shear strength of the Sn-58Bi-based solder joints as reflowed or after thermal aging. However, in the as-reflowed condition, the shear strength changed slightly. The shear strength of the Sn-58Bi, Sn-58Bi-0.1RE, Sn-58Bi-0.5Ag, and Sn-58Bi-0.5Ag-0.1RE almost remained at 81 MPa. Nevertheless, after aging for 168 h at 80 ∘ C, the shear strength of all the solder joints was 70 MPa, 80 MPa, 75 MPa, and 80 MPa, respectively. The addition of trace amounts of RE elements improved the shear strength of Sn-58Bi base solders and reduced the effect of high-temperature aging on shear strength highly. In fact, adding RE resulted in the increase in the fraction of net-like eutectic and the decrease in the size of the IMCs. Mokhtari and Nishikawa [59] found that adding 0.5% or 1% In element could improve the shear strength, but the effect of Ni additions was negative. It was appreciable to be seen that the shear strength of the Sn-58Bi-1In and Sn-58Bi-0.5In was higher and the shear strength of the two solders remained at about 70 MPa after reflow or 6 weeks of aging time at 80 ∘ C. But the Sn-58Bi with 0.5 and 1 wt.% Ni additions showed lower shear strength after reflow or 6 weeks of aging time at 80 ∘ C due to the segregation of Bi resulting in the large Bi phases. The low shear strength of Sn-Bi base solders with Ni addition could be attributed to the segregation of Bi which led to the large Bi phases.
Shafiq et al. [43] found that adding Al nanoparticles to the Sn-58Bi solder led shear strength of the new Sn-58Bi-3Al composite solder higher than that of the Sn-58Bi solder consistently. When substrate was Cu, the shear strength of the Sn-58Bi and Sn-58Bi solder with 3.0 wt.% Al nanoparticles was decreased from 31.5 MPa to 24.5 MPa and from 33 MPa to 27 MPa, respectively, as aging time increased at 75 ∘ C; But when substrate was Au, the shear strength of the two solders was decreased from 30 MPa to 22.2 MPa and from 30.5 MPa to 26.5 MPa, respectively. The Al doped Sn-58Bi solder had higher shear strength because of a second phase dispersion which strengthened mechanism and refinedSn microstructure. Additionally, due to the presence of the Cu 6 Sn 5 IMC, the shear strength of solders with Al nano particles in Cu pad was higher than the Au pad. Liu et al. [36] performed shear tests on Sn-58Bi/Cu, SB-0.5Cu 6 Sn 5 /Cu, and SB-1Cu 6 Sn 5 /Cu samples and found that the effect of adding Cu 6 Sn 5 particles to Sn-58Bi solder on mechanical properties was critical. And it was clearly seen that the shear strength of composite solder joints was strengthened to be higher than that of Sn-58Bi/Cu. The shear strength of the Sn-58Bi, SB-0.5Cu 6 Sn 5 , and Sb-1Cu 6 Sn 5 was 44.7, 48, and 61.9 MPa, respectively, when shear rate was 9×10 −3 s −1 . It was increased by 7.4% and 38.5%, respectively. When shear rate was 9×10 −2 s −1 , the shear strength was 59.2, 64.7, and 66 MPa increased by 9.3% and 11.5%, respectively. The strengthening effect can be due to the dispersive distribution of Cu 6 Sn 5 powers. Hu et al. [62] 
∘ C. In addition, the shear strength of the new solder was better than that of the plain solder at the same aging time. At the same time, the microhardness was also decreased from 24.5 HV and 24.2 HV to 20.1 HV and 18.6 HV, respectively, as the aging time added. What is more, Yang et al. [37] concluded that adding nanosized graphite weakened the average ultimate tensile strength of the Sn-58Bi solder. The average ultimate tensile strength of the Sn-58Bi solder was 57.75 MPa and it was higher than that of the Sn-58Bi solder with nanosized graphite. When content of graphite was at 0.14 wt.%, the average ultimate tensile strength of the composite solder was lowest, namely, 52.5 MPa. However, the elongation of Sn-Bi with 0.07 wt.% nanosized graphite was highest up to 2.019 m. He et al. [68] 6 Advances in Materials Science and Engineering found that the UTS of the Sn-58Bi composite solder with 0.03%, 0.06%, and 0.1% CNTs was higher than that of the Sn-58Bi solder, but the UTS was decreased with the addition of CNTs increased. The UTS of the Sn-58Bi-0.03CNTs was the highest which reached 94.24 MPa. The shear strength of the Sn-58Bi solder with the addition of Y 2 O 3 ranging from 0.5 wt.% to 3.0 wt.% was increased compared with that of the Sn-58Bi solder The shear strength of the Sn-58Bi solder was about 28 MPa, but that of the SB-0.5 Y 2 O 3 was increased to 31 MPa. The shear strength of the Sn-58Bi solder with the addition of 1.0 wt.% Y 2 O 3 was increased critically by 50% up to 42 MPa and similar to that of the SB-3.0 Y 2 O 3 [35] . The SiC nanoparticles were also incorporated into the Sn58Bi solder [50] . The shear strength of the Sn-58Bi solder with SiC nanoparticles additions was increased to 95, 85, and 74 MPa during 0, 100, and 400 h for aging, respectively. The growth rates were 9.2%, 7.5%, and 12.1%, respectively. It was considered that the shear strength was decreased as aging time increased. Peng and Deng [69] proposed that the shear modulus of Sn-Bi/Graphene composite lap shear joint was increased from 12 GPa to 23 GPa with the increasing weight fraction of grapheme by finite element simulation. Peng and Deng [51] indicated that the incorporation RGOS played a positive role in enhancing the shear strength because the SnBi/RGOS nanocomposites showed higher shear strength than the pure Sn-Bi solder.
Rare earth elements have been seen as the vitamins of metals [54] and adding trace amount of rare earth (RE) to improve their properties is considered as an effective way [70] , because rare earth elements have high chemical activity and special and chemical properties [71] . But by adding 0.5 wt.% La to the Sn-58Bi solder, the ball shear strength of the Sn-58Bi-0.5La solder was lower than that of the Sn-58Bi solder and the former was less about 2.4 N than the latter [52] . It also exhibits that the bonding strengths of both Sn-58Bi and Sn-58Bi-0.5La solder joints are very stable during aging time at 75 or 100 ∘ C.
Creep Property.
Researchers have evaluated the creep behavior of Sn-Bi alloy by various techniques including tensile, lap shear, and indentation analysis [72] . Sn-58Bi solder's creep resistance is better than that of the eutectic SnPb solder at a temperature range between 20 and 70 [40] . The dependence of steady-state creep ratėcan be characterized using the Dorn power equation in the following form:
wherėis the creep rate; 0 is a constant; is the shear module; is the Burgers vector; is the grain size; is the applied stress; is the stress exponent; 1 and are constants energy; is the gas constant; is absolute temperature. The solders are frequently subjected to large cyclic strains during normal service. In addition, thermally activated creep is an important reliability issue because of the high homologous temperature ( / > 0.5) of solders [54] . For Sn-58Bi samples, the Bi-rich phase coarsened forming an obstacle and dislocations disappeared under the stress bypassing these obstacles, leaving a dislocation loop surrounding each grain resulting in creep deformation, but the addition of Zn could suppress the coarsening of Bi-rich phase, leading to higher creep resistance [45] . The Sn-58Bi-2In-2Ag composite solder owned higher creep resistance than that of the Sn-58Bi solder [48] . Similarly, adding 2.5% Fe to Sn-57Bi solder exhibits that its creep resistance is superior than that of Sn-57Bi and Sn-Pb solder at 100 ∘ C and 1 ksi as shown in Figure 3 [73] .
In Figure 4 , compared to the stress relaxation rate of SnBi+0.07 wt.% nanosized graphite solder joint, it was clear to see that the stress relaxation rate of Sn-58Bi solder joint was larger [37] . In other words, the creep rate of the SnBi+0.07 wt.% nanosized graphite solder was lower than that of the Sn-58Bi solder. In Figure 5 1.E − 2
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0.E + 0 (lowest creep resistance) at both stress levels. With addition of nano-Cu and Ni, however, the creep rate reduced critically and achieved best creep resistance when filler concentration reached 3 wt.% for Cu and 1 wt.% for Ni filler composite.
Microstructure of Solder Bulk
The Sn-58Bi solder exhibits an evident disadvantage which is the coarsening of the microstructure that could result in poor mechanical properties during thermal aging [75] and adding alloy elements could suppress the Bi segregation [59] . The thermodynamic modeling of the Sn-Bi system was carried out firstly by Ohtani and Ishida and Niu et al. [76] and the microstructure of the Sn-58Bi solder was typical lamellar eutectic structure made up of alternate-layered white Bi phase and grey Sn phase [24] . Miao and Duh [40] carried out experiments on effect of 1 wt.% Cu addition on the microstructure of the Sn-58Bi solder. The mean intercept length of the Bi-rich phases was increased from 1.01 m to 4.80 m by 375.2% during different aging times which were 0, 4, 9, 16, 25, and 36 days. However, the number only was increased to 1.09 m after the 1 wt.% Cu element added to the Sn-58Bi solder. It indicated that the Cu addition could refine the microstructure of the Sn58Bi solder. A study about the effect of 1.0 wt.% Cu addition on the microstructure of the Sn-58Bi solder was undertaken [77] . The microstructure of the Sn-58Bi solder was refined by adding 1 wt.% Cu after 3 days of aging at 80 ∘ C. Because the addition of Cu element slowed down the microstructure coarsening of the Sn-58Bi solder. Mokhtari and Nishikawa [59] found that a large Bi phase was detected in Sn-Bi-1Ni solder alloy after reflow and Bi coarsening happened clearly after 6 weeks of aging. However, it did not find a clear sign of Bi segregation in the eutectic Sn-Bi and Sn-Bi-1In solder alloys. In addition, after 6 weeks of aging, adding 1 wt.% In element to the Sn-58Bi solder could refine the microstructure of the Sn-58Bi solder. In Figure 6 [65], it was shown that only adding 0.5 wt.% Zn to the Sn-Bi solder increased the average grain size of microstructure of the Sn-58Bi solder about by 5.2%. However, adding other alloy elements could refine the microstructures. The average grain size of the Sn-58Bi solder was decreased by 30.4% after adding 0.5 wt.% Ag. Adding 0.5 wt.% Cu element decreased the average grain size by 26.1%. The addition of Sb affected critically the average grain size decreasing the average grain size to 1.1 m.
However, Zhu et al. [78] only added 3 wt.% Zn to the Sn-58Bi solder and found that it could refine the structure because the average intercept length of Bi-rich phase was smaller than that of the Sn-58Bi solder. Suganuma et al. [79] pointed out that adding 0.5 wt.% and 1.0 wt.% Ag, respectively, to the Sn-58Bi solder alloy changed the microstructures. The size of particles in the Sn-57Bi-0.5Ag solder was less than 5 m, but the Ag 3 Sn formed in the Sn57Bi-1.0Ag solder appeared larger the size of which was larger than 10 m. Mokhtari and Nishikawa [64] have reported the distinct analysis about the microstructures of soldered alloys bearing 0.5 wt.% In or Ni in Figure 7 . Compared with the Sn58Bi solder, the microstructure of Sn-Bi-0.5In solder exhibits a larger volume fraction of primary Sn dendrites, but adding Ni to Sn-58Bi solder can refine the microstructure. Compared to the Sn-57Bi solder, the grain size of the microstructure of the solder Sn-57Bi with the addition of 2.5% Fe (∼2 m in average diameter) dispersion is smaller [73] . The microstructures of the Sn-58Bi solders by adding 0.5 wt.% and 1 wt.% Cu 6 Sn 5 reinforcement particles which were well dispersed in the solders matrix were refined and the grain size of -Sn and Bi-rich phase was reduced [36] . Adding appropriate nanosized graphite could refine the microstructure of the composite solder [37] .
The results indicated that, from the beginning, the microstructure of the solder with 0.07 wt.% nanosized graphite did not change greatly compared with that of the Sn-Bi matrix solder. But it was gradually refined with the nanosized graphite increased. When content of nanosized graphite is at 0.6 wt.%, the microstructure of composite solder was refined well. As can be seen in Table 3 [67] , the addition of GNSs influenced extensively the interphase spacing of the primary phases of the Sn-58Bi0.7Zn solder. The interphase spacing was reduced by 12.92%, 32.52%, and 16.86%, respectively, with different addition of GNSs ranging from 0.038 wt.% to 0.114 wt.%. In addition, it was found that the effect of 0.076 wt.% GNSs was most perfect among the various contents.
Liu et al. [35] proposed that the microstructures of all composite solders with empty or different amounts of Y 2 O 3 were coarsened after aging 550 h at 120 ∘ C, but the coarsening for the Sn-58Bi solder with 3.0 wt.% Y 2 O 3 was the lowest. This indicated one thing that the addition of the Y 2 O 3 could depress the coarsening rate during aging. Varying weight percentages of nanofillers Cu and Ni additions from 0 to 4.0 wt.% were incorporated [74] . Without nanofillers addition, the average interphase spacing of the Sn-58Bi solder was about 2.62 m. However, the size was decreased after the nanofillers Cu and Ni were added. It was noticed that the average interphase spacing of the Sn-58Bi solder with Cu addition was decreased from 1.73 m to 1.21 m. The effect of Table 3 : Average interphase spacing in undoped and GNS-doped Sn-58Bi0.7Zn solders [67] .
Solder
Interphase spacing ( m) Sn-58Bi0.7Zn
0.527 ± 0.156 Sn-52Bi-0.7Zn0.038GNS
0.459 ± 0.123 Sn-52Bi-0.7Zn0.076GNS
0.355 ± 0.069 Sn-52Bi-0.7Zn0.114GNS
0.438 ± 0.095
nanofillers Ni addition on the microstructure of the Sn-58Bi solder was similar to the above results. Shin et al. [50] added SiC nanoparticles (45-55 nm) to the Sn-58Bi solder. The mean size of lamellar structures of the Sn58Bi solder was decreased from 1.97 m to 1.32 m by 32.9%. And the average size of lamellar structures reduced by 34.6% after 100 h aging. At the same time, after 400 h aging, the mean grain of the lamellar structures declined from 4.59 m to 2.37 m. It could be seen that the SiC nanoparticles refine the microstructure of the Sn-58Bi solder.
Dong et al. [25] investigated that adding trace amounts of RE elements (primarily Ce and La) had better effect on refining the microstructure of the Sn-58Bi solder than that of the solder with 0.5 wt.% Ag addition. At the same time, the sizes of the Sn-rich phase in the condition of high-temperature aging were larger than that of solders in the as-reflowed state. According to EDS analysis results, it was assumed that many Bi-rich dendrites were distributed in the Sn-Bi-Ag solder alloy at the beginning and then the volume fraction of Birich dendrites was reduced after adding minor RE to solder alloy. At the same time, the microstructures of them were refined particularly in SnBiAg-0.25RE and SnBiAg-0.5RE solder alloys [53] . Shiue and Chuang [52] only added La element to the Sn-58Bi solder to form a new type of solder, namely, Sn-58Bi-0.5La. They found many thin plate-shaped intermetallic compounds can be seen in the Sn-58Bi-0.5La.
Intermetallic Compounds Layer
Good bonding often depends on a thin, continuous, and uniform IMC layer [80] . At the interface, intermetallic compounds (IMCs) are formed as reaction products between solder and substrate during soldering which play a vital role in determining the long term reliability of microelectronic packages [81, 82] . The IMC nucleation, growth, and its type are responsible for the solder reliability [83, 84] . In addition, the IMC formed at first could function as a hard diffusion barrier to restrain further IMC growth [29] . At the same time, a part of Bi atoms dissolve into the Cu 6 Sn 5 intermetallic compound layer and then segregate at the Cu/Cu 3 Sn interface. It leads to weakening the copper/intermetallic interface and becoming the preferred fracture path after the above circumstances happen [85, 86] .
Suganuma [87] also proposed that Cu 6 Sn 5 and Cu 3 Sn were formed at the interface between lead-free solder and Cu substrate. In addition, Shang et al. [88] observed interfacial voids near the Bi particles. Yoon et al. [89] also found that the thickness of the intermetallic compounds was increased with aging time increased from 70 to 120 ∘ C. Now, as is known to us, adding very trace amounts of a few alloying elements to Sn-Bi solders can form a barrier layer that restrains the formation of the interfacial IMCs under high temperature state [90] .
It was found that the addition of 0.1 wt.% Cu ameliorated remarkably in refinement of Bi-rich phase because Cu reacted with Sn to form Cu 6 Sn 5 IMC particles [44] and Bi atoms dissolved in the Cu 6 Sn 5 phase during the reflow process [91] . Different with Sn-40Bi-0.1Cu solder, Cu 6 Sn 5 particles did not appear in Sn-40Bi-2Zn-0.1Cu solder which meant that all Cu content reacted with Zn to form Cu-Zn IMC because Cu has a higher affinity for reaction with Zn than Sn dose. When 1.0 wt.% Cu was added to the Sn-58Bi solder, the thickness of IMC for the Sn-58Bi-1Cu/PtAg/Al 2 O 3 joint was increased from 2.4 m to 11 m during aging time at 120 ∘ C lower than that for the Sn-58Bi/PtAg/Al 2 O 3 [40] . Li et al. [23] only found Ni 3 Sn 4 in both the Sn-Bi/Ni and SnBi/Ni-P systems, but the (Cu, Ni) 6 Sn 5 replaced Ni 3 Sn 4 after the addition of 1.0 wt.% Cu to the Sn-Bi solder due to the limit of lower solubility of Ni in the Cu 6 Sn 5 with increasing reaction time. Zang et al. [31] revealed the composition of the IMC between the Sn-30Bi-0.5Cu solder and the Cu substrate. The double-layer IMCs consisting of Cu 6 Sn 5 adjacent to the solder and Cu 3 Sn adjacent to the copper substrate. Zhu et al. [78] studied that adding 3.0 wt.% Zn to the Sn-Bi solder could increase the average thickness of 41Sn-56Bi-3Zn composite solder to 10 m and this IMC was further determined to be Cu 5 Sn 8 phase which meant no Sn element and it was not found that the Bi segregation during aging at 120 ∘ C for 7 days. Ma and Wu [45] also added Zn elements to the Sn58Bi solder and a CuZn and Cu 6 (Sn, Zn) 5 layer formed at the Cu/Sn-58Bi-0.7Zn interface during the soldering and the whole aging process. The thickness of the IMC layers between the Sn-58Bi-0.7Zn solder and Cu substrate changed like a parabolic law as the aging time increased from 1.8 m to 5 m. At the same time, Chen et al. [33] also studied the effect of Zn addition ranging from 2.0 wt.% to 4.0 wt.% on the thickness of reaction layers of Sn-42Bi alloy. The thickness of reaction layers was increased from 1.17 m to 1.76 m, but all lower than that of the Sn-42Bi alloy at 170 ∘ C. Similarly, at 190 ∘ C, the thickness of reaction layers grew from 1.34 m to 1.81 m lower that of 2.02 m of the Sn-42Bi alloy. So the Zn addition decreased the thickness of reaction layers of the Sn-42Bi alloy. Kotadia et al. [90] detected that adding 1 wt.% Ag to Sn-Bi solder could reduce the consumption rate of the Cu substrate, because Ag 3 Sn was formed and captured at the surface of the Cu 6 Sn 5 grains reducing the interfacial energy which led to slowing down the IMC growth. Mokhtari and Nishikawa [59] reported that adding In or Ni element to the Sn-58Bi solder did not affect the thickness of the IMCs at the interface between the solder and the substrate before aging. But it exhibited differences from the Sn-58Bi solder after 6 weeks of aging and it was clear to be found that the IMC thickness of Sn-Bi-1Ni is thinner than others' . When these that were added 0.5 wt.% In and Ni are soldering, respectively, their IMC thicknesses were similar after 6 weeks of aging and Sn-58Bi solder's IMC thickness increased as aging time increased. As Table 4 shows, it exhibited that the IMC layer thickness was gradually increased with increasing Sb content [32] . It was increased by 21.8% to 2.85 m when Sb content was at 2.4 wt.%. The IMC layer thickness of Sn-52Bi-1.8Sb/Cu and Sn-48Bi-1.4Sb/Cu was the same 2.43 m. Li et al. [92] found that the additions of 1-2 wt.% Al, Cr, Si, Nb, Pt, and Cu had no obvious effect on the IMC growth of the Sn-58Bi/Cu not slowing down IMC growth at both 200 and 240 ∘ C. But it could be observed that Al accumulated and oxidized at the surface of the Sn-56.8Bi-2Al solder during high-temperature storage. It was shown that no Cr, Si, and Nb were detected almost due to low solubility in the Sn-58Bi solder. The addition of 1 wt.% Cu also had no effect on the IMC growth. Li et al. [29] added 1.0 wt.% Au and Zn to the Sn-58Bi solder and found that the growth rate of the IMCs of the composite solders was increased. In contrast, addition of the 2 wt.% Cr, 2 wt.% Si, and 1 wt.% Ag elements reduced the growth rate and did not affect critically the interfacial microstructures at 200 ∘ C and 240 ∘ C for 120 h. Huang and Chen [49] studied adding Co element to Sn57Bi solder. The results were plotted in Figure 8 . Only one product was found and it was Cu 6 Sn 5 . After reacting for 10 min, it was seen that the thickness of Sn-57Bi was increased after added Co element and the IMC thickness of Sn-57Bi-0.5Co was highest. Similarly, after reacting for 4 h, the IMC thickness of the three solders/Cu was all increased. Figure 9 implied the relationship between the IMC layer thicknesses of Sn-Bi/Cu, Sn-Bi-0.05Co, and Sn-57Bi-(Co)/Cu couples aged at 100 ∘ C. It could be referred to as a diffusion control kinetics. The growth rate of all solders was like parabolic curve. As could be seen from the picture, the reaction layer was thicker with greater Co addition.
Hu et al. [62] adding 0.5 wt.% Al 2 O 3 nanoparticles to the Sn-58Bi solder have found that the average thickness of the IMC layer of the composite solder was declined from 2.5 m to 1.27 m compared with that of Sn-58Bi experiencing 288 aging hours at 85 ∘ C. Cu 6 Sn 5 was observed to form the IMC by using XRD and it was assumed that these Cu 6 Sn 5 grain size was decreased with the addition of Y 2 O 3 increased [35] . Y 2 O 3 ranging from 0.5 wt.% to 3.0 wt.% could restrain the grain division between IMC particles decreasing the surface energy of the compounds and limited the growth of the IMC. So the thickness of IMC layer of the Sn-58Bi solder with the addition of Y 2 O 3 was thinner than that of the Sn-58Bi solder. Shin et al. [50] found that the thickness of the intermetallic compounds of the Sn-58Bi solder changed slightly after the SiC nanoparticles were added to the Sn-58Bi solder during different aging time at 100 ∘ C. The thickness of the IMC layer of Sn-Bi/Cu and Sn-Bi-SiC/Cu was increased from 0.75 m to 2.3 m with aging time increased. After aging of 100 h, the thickness of the IMC layers of the Sn-58Bi and Sn-58Bi-SiC solder was almost the same. After 400 h aging time, the thickness of the IMC layer of the Sn-58Bi solder was higher. Liu et al. [36] added Cu 6 Sn 5 particles to the Sn-58Bi solder. At the beginning, it was found large Cu 6 Sn 5 particles on the top of IMC grain of SB-1 Cu 6 Sn 5 /Cu due to the gravity. But as the soldering time increased, the larger Cu 6 Sn 5 was incorporated into the smaller ones to form scallop-shaped Cu 6 Sn 5 compounds in a mature process. Last, the grain size of IMC increased because of the decreasing dissolution rate of the IMC compared with Sn-58Bi/Cu. Ma and Wu [67] investigated the effect of addition of GNSs on the IMC layers of the Sn-58Bi0.7Zn which reacted with Cu substrate during liquid-state aging at 150 ∘ C for different time (20, 40, 60, 80 , 100, and 120 min). The thickness of the four types of solders was 1.56, 1.32, 1.05, and 0.87 m, respectively, after 20 min aging time. It was seen that with the increasing GNSs addition the thickness was decreased. However, the thickness of the four types of solders was increased as the liquid-state aging times added up to 6.50, 4.77, 3.63, and 2.75 m. Shiue and Chuang [52] demonstrated that the thickness of the Sn-58Bi solders with 0.5 wt.% La element was thinner than that of those Sn-58Bi after aging at 75 and 100 ∘ C for various aging times. At 75 ∘ C, the IMC layer thickness of the two Sn-58Bi and Sn-58Bi-La solder was increased from 1.4 m and 0.8 m to 2.25 m and 1.25 m as aging time increased. However, it was clear to see that the thickness of IMC layer of the Sn-58Bi solder was higher than the later. At the same time, the IMC layer thickness of the Sn-58Bi solder was increased critically by 124.8% from 1.49 m to 3.35 m and it was higher than that of the Sn-58Bi-0.5La at 100 ∘ C for various aging times. As could be seen from Figure 10 , Dong et al. [25] studied the effects of the addition of 0.1 wt.% RE elements (primarily Ce and La) and 0.5 wt.% Ag on the average thickness of IMC of the Sn-58Bi/Cu. At the beginning, all solders were reflowed. It was found that only the thickness of the IMC of Sn-58Bi-o.5Ag was increased by 31.4% from 1.75 m to 2.3 m. After aging of 168 hours at 80 ∘ C, the changes were great. It was appreciable to be seen that the thickness of IMC was increased critically in addition to the Sn-58Bi-0.1RE solder after high-temperature aging. Because the RE elements could improve chemical reactions at the interface and provide very strong bonding during soldering, the increase of the IMC thickness of the Sn-58Bi-0.5Ag-0.1RE solder after aging was less than that of the Sn-58Bi-0.5Ag solder. The reasons for this may be the fact that RE elements have a stronger affinity for oxygen than most metals and tend to reduce metal oxides. So it can be found that the addition of 0.5 wt.% Ag promoted the IMC thickness remarkably by 121% from 2.3 m to 5.1 m.
Wu et al. [53] found that there were Bi-rich dendrites, Ag 3 Sn, and RE (Bi, Sn) 3 close to the Cu 6 Sn 5 IMC layer by observing the SEM images of the interfacial microstructures of the as-reflowed Sn-Bi-Ag/Cu and Sn-Bi-Ag-RE/Cu solder joints. As the addition of RE increased, Cu 6 Sn 5 at the interface of Sn-Bi-Ag-RE/Cu solder joints was refined and the thickness of IMC layer was thinner than others when the content of RE addition at 0.25%.
Reliability
In electronic package, the major cause for failure of electronic devices is thermal fatigue accounting for 55% when semicon- ductor packages are exposed to various environments such as temperature, humidity, dust, shock, and vibration [54] . During thermal cycling, solder joints are prone to failures although they provide reliable bonding between the package and the board in the electrical devices [93] . At the same time, Liu and Shang [94] found that aging promoted Bi segregation to the Cu-intermetallic interface resulting in a sharp decrease in fatigue and fracture resistance of the interface. The fatigue life of the Sn-58Bi, Sn-35Bi-0.3Ag, and Sn35Bi-1.0Ag was studied by Zhang et al. [34] . The results exhibited that the fatigue life of the Sn-35Bi solder with 0.5 wt.% and 1.0 wt.% Ag was increased by 13.75% and 20%, respectively, compared with that of the Sn-58Bi solder. At the same time, some researchers also investigated the effect of Ag addition on the thermal fatigue life of the Sn-58Bi solder. All solder joints including Sn-58Bi, Sn-37Pb, and Sn58Bi-2Ag solder joints experienced the temperature profile which was −20 ∘ C↔100 ∘ C with an hour per cycle and a dwell time of 10 min at the low and high temperatures. Sn-37Pb lasted longer than Sn-58Bi. The fatigue life of Sn-58Bi solder with 2 wt.% Ag addition was increased critically and it was longer than fatigue life of Sn-58Bi and Sn-37Pb solders at the beginning [95] . With the cyclic strain increased, however, the fatigue lives of these solder joints were decreased.
Conclusions
As can be seen from the above, the properties of the Sn-Bi solders, such as wettability, melting behavior, and mechanical properties, and solder joints were improved extensively due to the addition of alloying elements. For example, the mean tensile strength was increased by 12.6% after adding 0.1 wt.% Cu to Sn-40Bi solder. The effects of RE addition on the microstructure of Sn-Bi solders were obvious because of its higher activity. Nanoparticles were often added to strengthen the properties and solder joints. However, the properties were also decreased for excessive elements. For example, the UTS of the Sn-58Bi-Zn was firstly increased and then decreased with the increasing addition of Zn element [45] . So it is critical to select appropriate amount of these additives. Adding nanoparticles and RE elements did not change greatly the melting temperatures of Sn-Bi solders. Whereas it is found that the effects of nanoparticles additions on the microstructures of Sn-Bi solders are obvious and adding minor alloy elements can depress the intermetallic thickness.
